a Objectives: Dietary nitrate supplementation has been shown to lower blood pressure (BP) particularly in shortterm clinical trials. Whether these effects are sustained in the long-term remains to be established. The objective was to conduct a meta-analysis of randomized controlled trials that examined whether dietary nitrate supplementation for more than 1 week has beneficial effects on SBP and DBP.
B lood pressure (BP) control is a global public health priority as hypertension contributes to the burden of heart disease, stroke and kidney failure and premature death and disability [1] . The burden of hypertension is particularly important in developing countries where the limited access to adequate treatments and healthcare and the concomitant occurrence of communicable diseases and nutritional deficiencies increase the risk for disability and cardiovascular fatal events [2] .
A correct antihypertensive drug therapy combined with dietary and lifestyle modifications attenuates the adverse effects of BP on cardiovascular health; however, adequate and sustained control of BP using these combined approaches is only achieved in $60-70% of hypertensive patients [3] . Therefore, the primary prevention of hypertension becomes a priority to minimize the population burden of hypertension, and nutritional and lifestyle approaches are unanimously recognized as fundamental components of primary prevention programmes [4] .
Larsen et al. [5] tested for the first time in a double-blind cross-over study the effects of sodium nitrate on BP in healthy volunteers and reported a significant reduction in DBP (À3.7 mmHg). This was followed by a growing interest in the effects of dietary nitrate on cardiovascular health, and several studies have confirmed the lowering effects of dietary nitrate on SBP [6] [7] [8] . The effect size of these interventions was quantified in a meta-analysis of randomized clinical trials (RCTs) as a decrease of À4.4 mmHg for SBP. However, the majority of the studies included in that metaanalysis were acute, and the longest intervention had a duration of 2 weeks [9] . In addition, the majority of these studies have used beetroot juice to increase nitrate intake. Beetroot was specifically chosen because of its high nitrate content ($300 mg/100 g) as well as for the commercial availability of nitrate-enriched and nitrate-depleted beetroot juice products, which has facilitated the conduction of double-blind, placebo-controlled randomized nutritional interventions.
Reduced nitric oxide (NO) bioavailability has been associated with impairment of endothelial function and increased risk of hypertension and cardiovascular diseases [10, 11] . The BP-lowering effects of dietary nitrate may be derived from increased generation of NO via a nonenzymatic pathway (nitrate-nitrite-NO pathway) [12] . Dietary and endogenous nitrate molecules may be reduced by facultative anaerobic bacteria on the dorsal surface of the tongue to nitrite that can be chemically (low pH) and enzymatically (xanthine oxidoreductase, myoglobin, cytochrome P450 and complexes of the mitochondrial electron transport chain) further reduced to NO [12] .
Here, we conducted a systematic review and meta-analysis of the evidence from RCTs investigating the medium-term and long-term (!1 week) efficacy of dietary nitrate and beetroot supplementation on BP in humans. The results will inform whether longer term dietary nitrate supplementation could be considered as an effective nutritional strategy for the prevention and treatment of hypertension.
METHODS
The current systematic review was conducted according to established guidelines, and it is reported according to PRISMA guidelines [13] (Table S1 , http://links.lww.com/HJH/A744).
Types of studies
RCTs on human patients were included, and the specific characteristics and designs of the trials (type of placebo, parallel or cross-over design, blinding of the interventions and duration) were assessed.
Patients
Adult male and female patients (age >18 years) with or without health comorbidities were included. Studies reporting data from patients with different BMI, ethnic background and physical activity level were not excluded.
Types of interventions
RCTs investigating the effects of dietary nitrate or beetroot juice supplementation and providing information on the type of nitrate salt (potassium or sodium nitrate), volume, formulation, frequency and route of administration were included. Studies that delivered the nitrate or beetroot supplementation alongside another intervention (e.g. exercise, pharmacological agent or dietary supplement) were excluded if the interventions were different between groups. A combined meta-analysis model was derived for inorganic nitrate solutions and beetroot juice on BP. This approach was based on the evidence that inorganic nitrate is absorbed rapidly from the stomach and proximal small intestine with high bioavailability [14] .
Outcome measures
The primary outcomes of the analyses were changes in DBP and SBP after dietary nitrate supplementation measured in resting clinical setting, 24-h ambulatory and home daily BP monitorings.
Sources
A literature search of the PubMed, Embase and Scopus databases was undertaken from inception until May 2016. The systematic review was restricted to articles published in English. The search was conducted on the basis of predefined search terms (dietary, inorganic, nitrate, beetroot, beet root, BP, hypertension, vascular, NO and endothelial) and using specific building blocks (Boolean terms, truncation) to create the algorithms entered in each database. The full details of the algorithms are reported in the Supplemental Methods (Box 1, http://links.lww.com/HJH/A744).
Selection of studies
Two investigators (M.S. and A.A.) assessed articles independently for eligibility. The first screening phase was based on the analysis of titles and abstracts. When full agreement had been reached, the article was either discarded or moved to the next phase. In case of disagreement, the article was moved to the next phase to increase the inclusiveness level. Reference lists of included articles and relevant reviews were searched for articles potentially missed during the electronic search. In the second phase, the full text of the selected articles was assessed independently by two investigators. When full agreement had been reached, the article was either discarded or moved to the next phase for full data extraction. In case of disagreement, the article was evaluated by a third investigator (J.L.), and a final decision was reached by consensus.
Data extraction and study quality
Two investigators extracted the data using a standardized data collection form. A list of the extracted variables is provided in the Supplemental Methods (Box 2, http://links.lww.com/HJH/A744). When BP measurements were incomplete, the corresponding authors were contacted to request the missing data. The quality of each study was assessed using the Cochrane Risk Assessment Tool [15] .
Measurement of treatment effect
For matched study design (cross-over studies) and parallel studies, the effect of dietary supplementation (inorganic nitrate or beetroot juice) on SBP and DBP was calculated as the difference between the supplementation and placebo groups at the end of each intervention.
Statistical analysis
A meta-analysis was conducted using Comprehensive MetaAnalysis 2 software (Biostat; Engelwood, New Jersey, USA). Data are presented as mean differences of SBP and DBP (in mmHg) and 95% confidence intervals (95% CIs). Four studies [16] [17] [18] [19] used more than one method to assess BP in each study. Each measurement was considered as independent, which resulted in a total of 19 BP measurements entered into the model. In addition, pooled estimates were stratified by method of assessment of BP [resting clinical, resting daily and 24-h ambulatory blood pressure monitoring (24-h ABPM)]. The BP differences were combined across studies using a weighted DerSimonian-Laird random-effects model. Forest plots were generated for graphical presentations of the BP outcomes. Statistical heterogeneity across studies was assessed using the I 2 and the Q tests according to specific categories (low ¼ 25%, moderate ¼ 50% and high ¼ 75%) and significance level (P < 0.10), respectively [20] . Funnel plots and Egger's regression test were used to evaluate potential publication bias and selective reporting bias. A random-effects meta-regression model was conducted to evaluate whether baseline SBP and DBP, nitrate dose (mmol/day), sample size and changes in nitrite concentrations (nmol/l) were associated with changes in BP.
RESULTS

Main search
A total of 16 146 articles were identified by the primary search, and, after the removal of duplicates (N ¼ 10 918), 5228 articles were screened for titles and abstracts. A total of 143 articles were selected for a full-text review, and 13 studies [7, [16] [17] [18] [19] [21] [22] [23] [24] [25] [26] [27] [28] were included in the systematic review (qualitative analysis) after the exclusion of 130 articles. A flow chart of the literature search is shown in Fig. 1 . Eight studies had a cross-over study design [7, 16, [21] [22] [23] [24] [25] [26] , and the remaining five studies adopted a parallel study design [17] [18] [19] 27, 28] . Ten studies used a double-blind placebocontrolled design [7, 16, 18, [22] [23] [24] [25] [26] [27] [28] . The trials were conducted between 2010 and 2016 and included a total of 325 participants with seven to 65 participants per individual study. The duration of the interventions ranged from 1 to 6 weeks. The main characteristics of the studies included in the analysis are presented in Table S1 , http://links.lww.com/HJH/A744 of the online Supplementary material.
Participant characteristics
Five studies recruited young, nonsmoking and healthy participants [7, 21, 23, 25, 26] , three studies were conducted in older healthy patients [17, 19, 27] , two studies recruited patients with high BP [16, 18] , and three studies recruited patients with type 2 diabetes [24] , hypercholesterolaemia [28] and heart failure [22] . In addition, there was a slight over-representation of men (54%), and the mean BMI of the patients ranged between 22 and 33 kg/m 2 . Five studies investigated the effects of dietary nitrate and beetroot juice on exercise performance and recruited primarily young, physically active men [7, 21, 23, 25, 26] .
Nitrate supplementation
Beetroot juice supplementation was tested in 11 studies [7, [16] [17] [18] [19] 21, [23] [24] [25] [26] 28] , whereas sodium nitrate was used in only one study [27] , respectively. The choice of the placebo varied between studies and included sodium chloride solutions (two studies) [21, 27] , blackcurrant juice (two studies) [7, 17] , negative control [one study [19] and nitratedepleted beetroot juice (eight studies) [16, 18, [22] [23] [24] [25] [26] 28] ]. All solutions were given orally. Dietary nitrate intake was controlled in five studies [7, 17, 19, 21, 23] . Only one study [25] did not measure plasma, salivary or urinary levels of nitrate and/or nitrite, which was useful to provide information on the adherence to the dietary nitrate supplementation.
Blood pressure measurement
Resting BP was measured in 11 trials [7, [17] [18] [19] [21] [22] [23] [25] [26] [27] [28] , five studies measured ambulatory 24-h BP [16] [17] [18] [19] 24] and three studies used daily home BP monitoring [16] [17] [18] . Two studies used all three methods to assess changes in BP [17, 18] .
Study quality and adverse events
The majority of the studies were rated as having a highquality design. Five studies [7, 17, 19, 21, 25] were characterized by a higher risk of bias, which was related to uncertainties around allocation concealment and blinding of the interventions (Fig. S1 , http://links.lww.com/HJH/A744). The exclusion of these studies from the analysis however did not modify the results for both SBP and DBP (Table S2 , http://links.lww.com/HJH/A744). Information on adverse events that occurred during the study was reported in nine studies [7, [17] [18] [19] [21] [22] [23] [24] 28] . The most common side effect reported in the beetroot juice trials was beeturia (red urine) and red stools.
Blood pressure qualitative results
Eight studies showed a significant reduction in SBP [7, 17, 18, [21] [22] [23] 26, 27] , whereas a significant change in DBP was observed in four studies [7, 18, 23, 26] . Overall, studies reported a significant decline in resting clinical SBP and DBP but the beneficial effects were less consistent when ambulatory 24-h or daily home BP monitoring methods were used [16] [17] [18] [19] 24] .
Meta-analysis
Overall, dietary nitrate supplementation was associated with a significant decline in SBP [À4.1 mmHg (95% CI: À6.1, À2.2); P < 0.001, Fig. 2] and DBP [À2.0 mmHg (95% CI: À3.0, À0.9); P < 0.001, Fig. 3] . The stratification by BP method indicated a greater effect on resting clinical measurements [7, [17] [18] [19] [21] [22] [23] [25] [26] [27] [28] with 24-h ambulatory [16] [17] [18] [19] 24] and daily home BP monitoring [16] [17] [18] for both SBP (Fig. 2) and DBP (Fig. 3) .
The meta-regression analysis showed that the effect size for SBP and DBP was not significantly associated with their respective baseline BP values (Table S3 , http:// links.lww.com/HJH/A744). Interestingly, an increase in the amount of daily nitrate administered in each study was associated with a smaller effect size for both DBP and SBP (Table S3 , http://links.lww.com/HJH/A744). Changes in plasma nitrite concentrations and sample size were not associated with changes in DBP and SBP after nitrate supplementation (Table S3 , http://links.lww.com/HJH/A744).
Publication bias and heterogeneity
Funnel plots for SBP and DBP revealed an overall symmetric distribution of the studies around the mean effect size indicating a low risk for publication bias (Figs. S6 and S7, http://links.lww.com/HJH/A744). Egger's regression test confirmed the nonsignificant publication bias for both SBP and DBP outcomes (P ¼ 0.68 and 0.56, respectively). We observed a low heterogeneity for both SBP (I 2 ¼ 39%, Q ¼ 29.8, P ¼ 0.04) and DBP (I 2 ¼ 0%, Q ¼ 16.8, P ¼ 0.53) meta-analysis models.
DISCUSSION
Dietary nitrate supplementation for more than 1 week was overall associated with a significant decrease in SBP and DBP. The pooled effect for the two interventions showed a reduction in SBP of À4.1 mmHg with a more modest decrease (À2.0 mmHg) in DBP. However, the significant effect size was mostly driven by BP measurements performed in resting clinical settings, whereas the effect became NS when BP was measured by 24-h ambulatory Gilchrist, 2013 and daily home BP monitoring. In addition, trials were generally characterized by a small sample size and relatively short duration, which demand for a careful interpretation of the results in relation to their generalizability and robustness of the current body of evidence. The general quality of the studies was high. All studies were randomized, and the majority of them (75%) were double-blind placebo controlled. Five studies had a parallel study design [17] [18] [19] 27, 28] . The studies reported a high compliance with the interventions, which may be supported by the reported rise in nitrate concentrations in plasma or urine. Five trials recruited active, healthy individuals as primary outcome was focussed on effects on exercise performance [7, 21, 23, 25, 26] . The exclusion of these trials from the meta-analysis did significantly affect the results as they became NS for both SBP and DBP (data not showed).
Four studies investigated the effects of dietary nitrate supplementation in older patients (mean age >60 years) with and without evidence of impaired cardiovascular health [17, 19, 24, 27] . Overall, dietary nitrate appeared to be less effective in reducing SBP in older populations as only one study showed a decrease in SBP [27] . Siervo et al. [29] have recently showed that dietary nitrate supplementation had a lower effect on average nocturnal SBP and dipping BP patterns in older patients (mean age >65 years). It is conceivable that ageing may be linked to reduced sensitivity of vascular components to the beneficial effects of dietary nitrates, possibly mediated by reduced nonenzymatic conversion of nitrate into NO and reduced responsiveness of the endothelium and vascular smooth muscular cells to NO [30] . Ageing may also be associated with changes in oral microflora and gastric acid production, which may influence the efficiency of the conversion of nitrate into NO [31, 32] . Whether greater doses of inorganic nitrate in older people are required to enhance NO production and bioactivity is currently not known. It is also possible that dietary nitrate interventions with longer duration might be required in older individuals to reach sufficiently high and sustained concentrations of NO and induce beneficial effects on BP.
Our results also appear to indicate that a higher daily dose of dietary nitrate does not necessarily produce a greater effect on BP; rather, we found a significant smaller effect size for both SBP and DBP. These findings are contrary to what was previously reported in a similar meta-analysis, which indicated a higher reduction in BP with higher doses of inorganic nitrate [9] . However, the discrepant results may be explained by the very short study duration of the trials included in the first metaanalysis. These new results suggest that the long-term administration of higher doses of dietary nitrate may not be necessarily associated with greater vascular benefits. This could be linked to the development of nitrate-specific tolerance possibly related to a declined efficiency of the conversion of nitrate into nitrite and NO, downregulation of the L-arginine-NO synthase pathway and/or reduced sensitivity of cellular targets to NO [33] [34] [35] . These results should be considered as preliminary, and the hypotheses require confirmation in appropriately designed studies.
There is currently a lack of strong evidence on the effects of prolonged dietary nitrate supplementation in individuals with greater cardiovascular risk. One study reported positive effects of beetroot juice in patients with heart failure [22] , whereas contrasting results have been found in patients with hypertension, type 2 diabetes or hypercholesterolaemia [16, 18, 24, 28] . Several factors may account for these discrepancies including differences in sample size, duration, recruitment criteria and measurement protocols of BP.
Our analyses also showed that the effect of dietary nitrate may be dependent on the method used to measure BP. The results seem to indicate that the use of 24-h ambulatory and daily home BP monitorings may be associated with a lower efficacy of dietary nitrate on BP outcomes. The choice of the most accurate and precise method for the measurement of BP is a complicated and unresolved question for clinical and research monitoring of the effects of specific dietary, lifestyle and pharmacological treatments [36] . Although the use of clinical resting BP is the most used method, its poor reliability is universally recognized in consideration of measurement bias associated with white-coat syndrome, standardization of protocol and operator bias [37] . Some of these issues are resolved by the recommended adoption of 24-h ambulatory and daily home monitorings for a more objective assessment of BP [38, 39] .
The current meta-analysis showed that medium-term dietary nitrate supplementation was overall linked to a significant decline in SBP and DBP, but these effects were mostly driven by studies measuring BP in resting clinical settings and recruiting young healthy individuals. Sample size of the trials was generally small (range: 7-69 participants), with only two studies enrolling more than 50 participants. Studies employing more accurate methods, such as 24-h ABPM and daily home monitoring, produced nonsignificant results. In addition, a limited efficacy has been also observed in older individuals at greater cardiovascular disease risk, which may introduce some uncertainty around the efficacy of prolonged dietary nitrate supplementation for the control of BP in adults. Dietary nitrate supplementation may represent a promising nutritional therapy for the control of BP. However, the evidence on the long-term effects of dietary nitrate on BP in patients with an increased cardiovascular risk is inconclusive at this point, as completed studies are characterized by a short duration and small sample size. Hence, larger clinical trials (>100 participants) with more prolonged supplementation period (!6 months) and employing accurate methods for the assessment of BP outcomes are a research priority to verify the efficacy of inorganic nitrate as a dietary approach to prevent and treat hypertension. 
Reviewers' Summary Evaluations
Reviewer 1
This meta-analysis examined thirteen randomized controlled trials on the impact of dietary nitrate supplementation on systolic and diastolic blood pressure. The duration of each intervention ranged from 1 week to 6 weeks. Dietary nitrate significantly reduced the clinic systolic and diastolic blood pressure, with no effect on 24-h ambulatory and home monitoring. Methodologies to detect blood pressure changes were not homogeneous, and the small sample size limits the interpretation of the data. Future larger clinical trials with more prolonged supplementation period and more accurate methodology will clarify the clinical impact of dietary nitrate intake on blood pressure values.
Reviewer 2
Dietary nitrate, a natural source of nitric oxide, has received significant attention for its potential to improve vascular function and reduce blood pressure. After conducting a systematic review of clinical trials on 345 subjects, Ashor et al. report that dietary nitrate has a small blood pressurelowering effect, mainly driven by a decrease in clinically measured blood pressure. The 19 studies reviewed had small numbers of participants, yet the observed blood pressure-lowering effect of dietary nitrate warrants larger trial to validate dietary nitrate as a cheap, safe and effective addition to antihypertensive treatment.
